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Abstract
The recent major modification, r2SCAN, of the SCAN (strongly constrained and ap-
propriately normed) meta-GGA exchange-correlation functional is shown to give sub-
stantially better spin-crossover electronic energies (high spin minus low spin) on a
benchmark data set than the original SCAN. The deorbitalized counterpart r2SCAN-
L is almost as good as SCAN and much faster in periodically bounded systems. A
combination strategy for balanced treatment of molecular and periodic spin-crossover
therefore is recommended.
Graphical TOC Entry
2
Context - The essential physical trait of a spin-crossover (SCO) molecule is a small energy
difference between the ground state of one spin and an excited state of a different spin. Small
in this context typically means a few kcal/mol (i.e. a few hundred meV). Calculation of such
differences is challenging. An added challenge is that spin-crossover is of greatest interest
in condensed phases. Predictive calculation protocols therefore must be equally accurate for
both isolated molecules and their condensed phases.
Meeting that challenge has been difficult. It is not our purpose to survey the literature.
For that, see Refs. 1–9. The last-mentioned of these is particularly useful here. It presented
a data-base of 20 molecules in which SCO arises from a first-row transition metal. Against
that data-base, the authors of Ref. 9 tested several rather sophisticated density functional
approximations (DFAs) for exchange and correlation (XC) and concluded that the hybrid
Tao-Perdew-Staroverov-Scuseria (TPSSh)10,11 DFA was best overall.
The focus on DFAs stems from the need for affordable calculations both on large molecules
and on their condensed aggregates. Refined wave-function methods are applicable, though
costly, in SCO molecules. They are prohibitively costly in the condensed phases. In principle,
density functional theory (DFT) methods should be applicable to both. Until recently,
however, all affordable, “lower-rung”12 DFAs have exhibited bias either to the molecular or
the condensed side.
The recommendation of TPSSh is itself somewhat problematic. The drawback that is
relevant here is its hybrid character, namely, inclusion of 10% single-determinant exchange
(often inaccurately called Hartree-Fock or exact exchange; both terms have precise, well-
defined meanings that are not met by a hybrid DFA). But the recommendation provides
insight.
The non-hybrid antecedent of TPSSh, TPSS, is a meta-Generalized Gradient Approxi-
mation (meta-GGA). In meta-GGAs, chemically distinct electron density inhomogeneities
are recognized by use of so-called indicator functions. In the case of TPSS there are two.
Based on their values, the meta-GGA switches between a GGA DFA that is constructed to
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work well with molecular-like environments and one for condensed environments.
Largely for reasons of accuracy, TPSS has been supplanted by a more refined meta-GGA
called SCAN, for “strongly constrained and appropriately normed”.13,14 It uses only one in-
dicator function, denoted α(r). With comparatively few exceptions (e.g. Ref. 15) SCAN has
proven successful in predicting a wide variety of molecular and condensed phase properties.
That success is a consequence of the physical realism associated with enforcement in SCAN
of all the rigorous constraints that a meta-GGA can meet, along with calibration to the
energies of selected primitive physical systems (the “appropriate norms”; see Supplemental
Material to Ref. 13).
SCAN and spin crossover - Motivated by other successful uses of SCAN, Cirera and
Ruiz16 tested it recently on their 20-molecule SCO data-base. Their conclusion was that
SCAN “. . . gives the right ground state for the whole set of test cases” and is “. . . the unique
pure DFT functional to provide with comparable results for such a challenging test.” All of
the systems have low-spin (LS) as the ground state, as indeed is found by SCAN. However,
the SCO energy differences
∆EHL := EH − EL , (1)
with EH (EL) the high-spin (low-spin) total energy from SCAN were only semi-quantitative
at best. In some cases they are off by as much as a factor of 2 or more. Note that these
comparisons were with respect to TPSSh results for ∆EHL. Those values themselves lead
to an overestimation of the crossover temperature.9 A technical difficulty is that SCAN
calculations required dense radial integration grids. An uncomfortable aspect is that the best
range of ∆EHL values from SCAN were generated with a sub-optimal (not fully converged)
grid.
Grid density and SCF convergence difficulties with SCAN had become well-known among
practitioners. The problems were addressed by Barto´k and Yates17 with regularized SCAN
(rSCAN). It refined α and smoothed the SCAN switching function to yield improved compu-
tational behavior. Though rSCAN preserves the good molecular bond lengths and vibrational
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frequencies given by SCAN, it sacrifices SCAN performance for benchmark molecular heats
of formation.18 In periodic solids, SCAN and rSCAN are about the same for lattice constants
and cohesive energies18 on a 55 solid test set19 and for bulk moduli on a 44 solid set.20
Very recently Furness et al.21 have cured the deficiencies of rSCAN by constructing a
similar regularization that restores all but one of the constraints satisfied by SCAN but vio-
lated by rSCAN. The regularized-restored SCAN functional (r2SCAN) that results combines
the strong performance trends of SCAN relative to molecular and solid data sets with the
numerical stability of rSCAN.
A separate conceptual and computational issue of meta-GGAs in general is their explicit
dependence upon the Kohn-Sham (KS) orbitals. As a matter of practice, the computational
costs from that dependence leads to the use of the generalized KS (gKS) equations rather
than the multiplicative potential of the ordinary KS equation. There is both a difference of
content22,23 and a computational cost penalty for gKS compared to KS. We had addressed
both those issues by deorbitalization, the replacement of the orbital dependence with a
function of the density, its gradient, and its Laplacian. That gave the SCAN-L DFA.24,25
Except for elmental 3d magnetic solids, SCAN-L delivered essentially the same performance
as SCAN. It should be faster than SCAN but in practice numerical instabilities caused very
slow SCF convergence. Very recently we found that the greatly improved numerical stability
of r2SCAN is preserved under deorbitalization to yield r2SCAN-L. In solid calculations, it
runs almost 4 times faster than r2SCAN.26
The advent of r2SCAN and r2SCAN-L make it imperative to investigate their SCO per-
formance on the Cirera-Ruiz data set to see if the changes from SCAN and SCAN-L (respec-
tively) affect the delicate energy differences involved.
Results - Table 1 and Fig. 1 show ∆EHL, in kcal/mol, obtained with r
2SCAN and
r2SCAN-L. Results from Reference 16 for TPSSh and SCAN are included for comparison.
SCAN results correspond to the denser numerical integration grid. Reassuringly, r2SCAN
gives the correct low-spin configuration as the ground-state for all 20 complexes, with all
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∆EHL values inside the SCO energy window proposed by Cirera and Ruiz (compare Fig. 1
with Fig. 3 of Ref. 16). Also striking is the fact that the r2SCAN DFA yields a marked
reduction of the predicted ∆EHL compared to SCAN. The r
2SCAN values are, in fact,
slightly smaller than those predicted by the DFA hybrid TPSSh.
In contrast, the deorbitalized version r2SCAN-L gives ∆EHL larger than, but still com-
parable to, the values obtained with SCAN. The advantage of r2SCAN-L comes mainly from
the potential speed-up one can achieve by means of its local multiplicative potential. We
return to this point below.
It is interesting to note that the S9 ∆EHL is the largest of the set for the TPSSh, r
2SCAN
, and r2SCAN-L DFAs. This may be directly related to the effect that the missing counter-
ion can have on the overall structure and energetics of the complex (see Computational
Methods, below), but investigation of the issue is outside the scope of this work.
Table 1 also shows that the inclusion of empirical dispersion corrections via the DFT-
D3 approach27,28 changes ∆EHL values by about 0.5 kcal/mol, with larger effects for the
Co systems. We stress that forces from the r2SCAN+D3 combination were included during
geometry optimizations. We did not find unrealistic geometries such as reported in Reference
9. Larger effects generally are seen when the DFT-D3 correction is used a posteriori .16
Conclusions and outlook - We have shown that the r2SCAN DFA provides a quantitatively
correct ground state for all molecules in the SCO data-base put forth in Ref. 9. Furthermore,
r2SCAN apparently is the only comparatively simple DFA, including hybrid ones, that gives
all high-spin to low-spin energy differences ∆HL inside what is believed to be the appropriate
energy range. On the basis of that accuracy and comparatively modest computational costs,
we therefore recommend, strongly, the use of r2SCAN to describe 3d SCO systems.
Though the accuracy for ∆EHL provided by the deorbitalized version, r
2SCAN-L, is not
as good as what r2SCAN gives, it is useful that r2SCAN-L does perform on par with the
accuracy from original SCAN, but without the numerical integration issues. The advantage
of r2SCAN-L is its substantially lower computational costs. The local multiplicative po-
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Table 1: High-spin to low-spin ∆EHL energies [kcal/mol]. Systems are labeled as
in Cirera and Ruiz.16
System TPSSha SCANa r2SCAN r2SCAN-L r2SCAN+D3
S1 6.54 11.49 3.36 10.54 4.14
S2 4.27 8.06 3.09 11.55 3.07
S3 5.53 8.54 3.45 19.39 3.58
S4 4.12 7.21 2.40 10.42 2.07
S5 11.19 10.08 5.06 12.49 4.92
S6 10.67 10.39 4.57 19.52 4.77
S7 9.40 10.19 4.51 19.70 4.83
S8 9.78 11.29 2.92 18.51 3.07
S9 11.45 17.61 10.17 25.79 10.62
S10 10.69 14.28 5.48 20.52 6.02
S11 6.13 13.50 5.23 18.01 4.52
S12 8.53 16.85 6.34 19.01 6.46
S13 9.31 20.41 10.06 22.65 10.86
S14 9.36 23.22 9.91 22.90 10.60
S15 5.00 11.75 2.97 15.37 3.07
S16 3.00 10.44 6.40 13.68 6.84
S17 2.29 8.34 3.43 10.29 3.70
S18 2.14 10.08 5.77 13.11 7.28
S19 3.78 11.80 8.99 17.95 10.69
S20 6.59 10.06 6.41 13.62 6.90
a From Ref. 16.
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Figure 1: Electronic low-spin-high-spin energy differences ∆EHL in kcal/mol. The colored
dots correspond to the actual individual results, while the large black dot corresponds to
the mean ∆EHL obtained with each functional. The red box is the same as used in Ref.
16 to indicate the region where the electronic energy difference can be compensated by the
entropy in usual SCO systems.
tential of r2SCAN-L can achieve calculations as much as 4 times faster than with r2SCAN
in pseudpotential-based codes. That provides a major opportunity. The sacrifice in bond
length and vibrational frequency accuracy in going from r2SCAN to r2SCAN-L is much
smaller than the ∆EHL accuracy sacrifice. The strategy we recommend therefore is to do
geometry optimizations (either molecular or solid) with r2SCAN-L, then do a single point
calculation with r2SCAN to determine ∆EHL. We have that strategy under investigation.
Computational Methods
Molecular calculations were done with a locally modified developers’ version of the NWChem
code29 using an unrestricted Kohn-Sham approach, the def2-TZVP basis set30 in spherical
representation, and the FINE grid option. Previously we have shown that this grid density
is good enough to integrate both r2SCAN and r2SCAN-L XC potentials and energies.26
Moreover, all calculations used Weigend’s Coulomb-fitting basis set31 for the density fitting
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scheme.32,33 Default options for guess density, convergence stabilization and acceleration
techniques, and convergence criteria were used.
Nine SCO systems in the data-base are positively charged (2 MnIII, 3 FeIII, 1 FeII, and
3 CoII). None of the counter-ions were included in the calculations. That corresponds to
removal of 10 % or less of the total atomic count for most of the charged complexes. However,
the 45 atoms of the tetraphenyl borate anion originally present in the FeIII system S9, account
for almost 40 % of the total number of atoms of the system.
No zero-point corrections were added. The D3(BJ)27,28 empirical dispersion corrections,
with parameters optimized for SCAN,34 was tried as an exploratory step. We remark that
both r2SCAN and r2SCAN-L should include some mid-range dispersion by construction.
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